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PROJECTNO.: ACID DISSOLUTION CAUNO.: 0193101.07-CH-001 REVISIONNO.: 1 SHEETNO.: 

PREPARED BY: M. FELDMANN & DATE: 7117103 REVIEWED BY: T.SALZANO ?i+f DATE: 7122/03 
SUBJECT: MOLAR FRACTION OF OXALIC ACID lN VAPOR PHASE FOR TANK c-106 ACID DISSOLUTION PROJECT 

BackgroundPurpose 

Oxalic acid (CzHz04) will be introduced into tank 241-C-106. Oxalic acid will be added to the 
tank in 30,000 gallon increments and allowed to soak. The soak time of the first acid addition is 
anticipated to be approximately one to two days. Subsequent acid additions will remain in the 
tank for up to one week. During the soak time, the acid will be gently agitatedre-circulated 
within the tank. 

The purpose of this calculation is to determine the molar fraction of oxalic acid in the vapor 
phase. This calculation will be used to assist the materials compatibility assessment for 
equipment that will be exposed to the oxalic acid vapor. 

Design Inputs 

1. Molarity of Oxalic Acid: 0.91 M 
2. Molecular Weight of Oxalic Acid: 90.02 grams/mol 
3. Henry’s Law constant: 6.908 x lo4 mol.m”/Pa (See Attachment A) 
4. Tank Temperature: -25°C (See Attchment B) 
5. Maximum Atmospheric Pressure: 30.23 in Hg (PNNL-14242) 
6. Minimum Atmospheric Pressure: 28.15 in Hg (PNNL-14242) 
7. Maximum Allowable Vacuum for Tank C-106: 0.8 in water, 0.06 in Hg (OSD-T-151 

000 13) 

Methodology 

Henry’s law is applicable for real solutions at low concentrations. The law states that the amount 
of a gas that dissolves in a liquid is proportional to the partial pressure of the gas over the liquid, 
provided no chemical reaction takes place between the liquid and the gas. Essentially, the gas 
will diffuse across a gas-fluid interface until the partial pressure is the same on both sides. 

PA = YAP = XAKh(T) 

Where, 
pa = Partial pressure of A in the gas phase 
YA = Mole fraction of A in the gas phase 
P = System Pressure 
XA = Mole fraction of A in the liquid phase 
&(T) = Henry’s law constant for A at a specific temperature 
T = Temperature 

Hand calculations were performed with the assistance of MathCAD software 

3 
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PROJECTNO.: ACIO DISSOLUTION CALCNO.: 0193101.07-CH-001 REVISIONNO.: 1 SHEET NO.: 

PREPARED BY: M. FELOMANN -& DATE: 7/17/03 REVIEWED BY: TSAUANO W DATE: 7/22/03 
SUBJECT: MOLAR FRACTION OF OXALIC ACID IN VAPOR PHASE FOR TANK C-106 ACID DISSOLUTION PROJECT 

Assumptions 
This analysis assumes that due to the design of the in-tank chemical mixing assembly and acid 
addition system, where introduction of acid occurs below the liquid surface level, minimal 
potential aerosols will be generated from the re-circulation loop during waste retrieval using the 
acid dissolution process. Additional assumptions are described throughout the calculation. 

Results/Conclusions 

The result of this calculation showed that the maximum molar fraction of oxalic acid in the vapor 
phase is 2.239 x 
pressures accounting for the vacuum induced by the exhauster system. 

The molar fraction was bounded using the maximum and minimum tank 
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Composition of oxalic acid in liquid and vapor phases: 

Design Inputs: 

T := 25C Temperature 

MW ox := 90.02 - gm 
mol 

Molecular weight of Oxalic Acid 

mol 
mox := 0.91 .- 

L 

P,, := 30.23 .in-Hg 

m,, = Molarity oxalic acid 

Tank C-106 is vented to the atmosphere. The maximum tank 
pressure is equal to the maximum atmospheric pressure. 

P,, = 765.683 torr 

Pvac := 0.06 . i n H g  

P,, = 1.52 torr 

The maximum vacuum allowed for Tank C-I06 is 0.8 in water 
(0.06 in Hg). 

Pmin := 28.15 .in-Hg - Pvac The minimum tank pressure is the minimum atmospheric pressure less 
the maximum allowable tank vacuum. 

Pmin = 711.48 torr 

Conversions: 

1 in Hg = 25.329 torr 
1 torr = 133.322 Pa 

Calculation of mass fraction of oxalic acid from molarity: 

Basis: 1L Water = lOOOgm Water 

mass = mass of mole in basis mass moles := mox .(MW ox) . l  L 

mass moles = 81.918 gm 

mass moles 
1000 gm + mass moles 

massfract ox := 

massfract ox = 0.076 

massfract ox =mass fraction of acid in basis 
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Conversion of mass fraction to mole fraction of oxalic acid in the liquid phase: 

nox:= (massfract,..) (1mol) 
90.02gm 

no, = moles acid in liquid phase 

nox = 0.084mol 

nh20 :=  IO^ ( I  - massfractoJ - 
18.Olgm 

nhZo = moles of water in liquid phase 

nt := nox + nh20 

nt = 5.216mol 

"ox xOx := - 
"t 

xoX = 0.016 

"h20 %20 := - 
"t 

n, = total moles for 100 gram of solution (basis) 

&br= mole fraction of oxalic acid in liquid phase 

q z o  = mole fraction of water in liquid phase 

Henry's law is valid for dilute solutions, providing that A does not dissociate, ionize, or react in 
the liquid phase. 

Henry's Law pox = YOXP = x OX KH(T) 

Where 
RPP-16994, REVISION 0 pox =partial r--l--- 

P = system pressure 
yox = mole fraction in vapor phase 
xox = mole fraction in liquid phase 
KH(T) = Henry's Law Constant at T 

Henry's Law Constant: 

6 
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Henry's Law Constant: 

6 M  
atm 

KH, Henry's Law Constant for Oxalic acid in terms of 
concentration in the aqueous phase and the partial 
pressure at T=25 C from Table on page A-7 of 
Attachment A. The bounding value for the constant 
was used. 

KH := 7.0 x 10 .- 

Where 
M = moi/dm3 

Conversion of Henry% Law Constant (KH) to units of torr, K H ~ ~ ,  Where K H ~ ~  is in terms of 
aqueous concentration and partial pressure and K H ~ ~  is in terms of partial pressure and the 
molar fraction of the acid: 

Equation 6, page A-4 from Attachment A 
l < l i  

Hcp := 101.325 
K 

K H ~ ~  := 6.908 x 10 4 L 3 1  . 
Pa 

1 
Conversion of Henry's Law Constant to units 
of Torr K .  Hcp 0.91 .mol 1OOO.L 

K H ~ ~  := 

KHpx = 9.881 x 10- ton 

The maximum and minimum tank pressures are used to bound and solve for molar fraction of 
oxalic acid in the vapor phase using Henry's Law. 

(.ox 'K Hpx ) 
' m a  yml  =mole fraction ofoxalic acid in vapor phase using 

the maximum tank pressure. 

Yoxl := 

- 9  yoxi = 2.081 x IO 

( . ~ x . ~ H p x )  

Pmin 
YOX2 := 

yoxl =mole fraction of oxalic acid in vapor phase using 
the minimum tank pressure. 

- 9  yox2 = 2.239 x 10 
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Attachment A 

Excerpts from “Compilation of Henry’s Law Constants for Inorganic and Organic Species 
of Potential Importance in Environmental Chemistry” 
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R. Sander: Henry's law constants (http:  //?vv.mpch-=amz ,mpg.de/-sander/res/henry. html) 3 

1 Introduction 

Henry's law constants (solubilities) of trace gases of potential importance in environmental chemistry (atmospheric cliem- 
istry, waste water treatment, . . . ) have been collected and converted into a uniform format. 

Disclaimer: Although this compilation has been edited with greatest care the possibility of errors cannot be excluded. If 
you use data from this table it is recommended that you also check the original literature. If you find an error in this table, 
please tell me about it! 

2 The physical quantity of solubility 

There are several ways of describing the solubility of a gas in n.ater. Usually the Henry's law constant k~ is defined as: 

de1 
(1) kH = %/Pp 

Here, e. is the concentration of a species in the aqueous phase and pB is the partial pressure of that species in the gas phase. 
If k~ refers to standard conditions (Te = 298.15 K) it will be denoted as k:. 
Henry's law constant can also be expressed as the dimensionless ratio between the aqueous-pliase concentration ca of a 
species and its gas-phase concentration cp: 

kg '2' cJcg = kH x RT (2) 
where R = gas constant and T = temperature. To distinguish these different physical quantities, this constant has been 
named kg here. 

Sometimes the reciprocal value krin,, is used, representing the volatility instead of the solubility. The usual definition is: 

where z, = molar mixing ratio in the aqueous phase, Q H ~ O  = density of water, and MH,O = molar mass of water. 

3 Temperature dependence 

A simple way to describe Henry's law as a function of temperature is: 

where AsoinH = enthalpy of solution. Here, the temperature dependence is: 

4 Unit conversions 

Detailed information about the conversion between different units and definitions of Henry's law constants is given by 
Sander jl999j. Here is a short summary: 

mol,,/dm& nlOlaq/m& The conimonly used unit for l i ~  is [\I/atiii] = I 1. The official SI unit is [ 
atm Pa 1. The conversion is: 

The relation between k~ and kg is: 
- 12.2 x kg (7) 

k H  x-- T 
II<] [ .? l /a tm]  
- 
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'R' 

'T' 

'C' 

'X' 

'?' 
'E' 

At T = 298.15 K this leads to: 
-= liH 0.0409 x kF; 
(M/atni] 

The commonly used unit for k& is (atm]. The product of k~ and krlnv is constant: 

Henry's law constant (clp for a saturated solution). 
The cited paper presents a recalculation of previously published 
material (e.;. extrapolation to a different temperature or concen- 
tration range). 
Thermod>-namical calculation (h,l,G = -AT l n k ~ ,  see Sonder 
[1999] for details). 
The paper that is cited here refers t,o another reference which 
I could not obtain (e.g. personal conimuiiication, P1i.D. theses, 
inbernal papers etc.). 
I haven't seen the paper that I cite here. I found it referenced by 
another paper or I know about it through others. 
The cited paper doesn't clearly state how the value was obtained. 
The value is estimated. Estimates are only listed if no reliable 
measurements are mailable for that conipound 

i;PZ 
H . l W  - x - -  - 55.3 

(.\l/atm] [atm] 
kH 

5 How to use the Tables 

Inorganic substances are sorted according to the elements they contain. The order chosen is: 0, H, N, F, C1, Br, I, S, rare 
gases, others. 

Organic substances (i.e. everything with carbon, including CO and CO?) are sorted somewhat arbitrarily by increasing 
chain length and complexity. Hetero atoms (Y: F, CI, Br: I, and S) are sorted in  the same way as for inorganic compounds. 

The column labeled 'substance' gives the systematic name. the chemical formula, trivial names (if any), and inseveral cases 
the CAS registry nuinber (in square brackets). 

The column labeled 'k;' contains the Henry's law constants as defined in equation ( I ) ,  rounded to tivo significant digits 
and given in the unit [%f/atm]. 

The column labeled '-dlnkH/d(l/T)' contains the temperature dependence of the Henry's law constants as defined in  
equations (4) and ( j ) ,  rounded to txo  significant digits and given in the unit [I<]. 

For each table entry the column labeled 'type' denotes ho\v the Henry's law constant was obtained in the given reference. 
Literat.ure reviews are usually most reliable: folloived by original publications of experimental determinations of l i ~ .  Other 
data has to be treated more carefully. The types listed here are roughly ordered by decreasing reliabilit\.: 

.L' I The cired paper is a liierai,.i:e res iew. 
I .l'l' I Orixinal oi5!ication of a ? . ea red  d u e  .e.. head-iosce cr k , ~ b -  - .  1 ble colunin technique as explained by BeiteGon j19iZ)). 

'V' 1 Vapor pressure of the pure substance is used to determine the 

6 Further Sources of Information 

Further important references: 

monoaromatic hydrocarbons, chlorobenzenes. and PCBs: Mackay el nl. jl992aJ 

I A-5 
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polynuclear aromatic hydrocarbons, polychlorinated dioxins, and dibenzofuranes: Afackay et al. [1992b] 

volatile organic chemicals: Afackay et al. 119931 

oxygen, nitrogen, and sulfur containing compounds: Mackay et al. [I9951 

pestizides, PCB's, etc.: Westcott et el. [1981]; Burkhard et al. [1965]; Hassett and Malicic [1985]; Yin and Hassett 
[1986]; Murphy et ~ l .  119871; Shiu et af .  119881; Rice et al. [1997]; Fendinger and Glotfelty [1988]; Fendinger et al. 
[1989]; De Maogd et al. 119981; Duce et al. [I9911 

additional references that are not (yet) included: Lide and Frederikse [1995]; Shiu et d.  [1994]; Watts and Brirnble- 
conbe [1987]; Wrigh.t et al. [1992a]; Tse et al. [1992]; Kolb et al. 119921; Ettre et al. 119931; Can ond Yates 119961; 
Pen.g and Wan [1997]; Roberts and Dindliker 119831; Econornou et al. [1997]; Wong and Wang 119971; Suleirnenou 
and Krupp 119941; Heron et al. [1998]; Beeker et al. 119981; Leuenberger et ai. [I9851 

predictive methods for Henrys law coefficients (QSPRs): Russell et ol. 119921; Ninnalakhandan e t  al. 119971; Brennan 
et al. [I9981 

On the Internet: 

The KIST Chemistry TVebBook a t  h t t p :  //uebbook.nist .gov/chemistry 

The Pesticide Properties Database (PPD) a t  h t t p :  //r.rr.arsusda.gov/rsml/ppdb2. h tml  
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substance 

3-methyl butanoic acid 
(CH3)2CHCH2COOH 

2,2-dimethyl propanoic mid 
(CH3)3CCOOH 

hexanoic acid 

[142-62-1] 
propenoic acid 
C3H402 
(acrylic acid) 
179-10-71 

2-bfethy1-2-propenoic acid 
C4H602 
(methacryiic acid) 
179-41-43 

benzoic acid 
CoHsCOOII 

ethaiiedioic acid 
HOQCCOQH 
(oxalic acid) 

propanedioic acid 
HQOCCHzCOOW 
(malonic acid) 

butanedioic acid 
HOOC(C~Hz)2COOH 
(succinic acid) 

pentanedioic acid 
HOOC(CH2)3COOH 
(glutaric acid) 

hexanedioic acid 
HOOC(CH2)4COOH 
(adipic acid) 

cis-butenedioic acid 
HOOC(CH),COOH 
(maleic acid) 

ethanoic peroxyacid 
CHsCOOOH 
(peroxyacetic acid) 

CsH~,COOH 

k,” 
[hl/atm] 
1.2x103 

3 . 5 ~ 1 0 ’  

2 . 4 ~ 1 0 ~  

2 . 6 ~ 1 0 ~  

5.0XlOS 

4.0X108 

3 . 0 ~ 1 0 ~  

2.0x10a 

2.0x108 
1.8X101 

1 . 0 x 1 0 ~  

6304 
5900 

6500 

11000 

5900 
5300 

reference 

Khan el ai. j1995J 

Khan et ai. [1995] 

Khan et  ai. [1995] 
Staudinger and Roberts I19961 

Yaws and Yang 119921 

Khan et ai. [l992] 

Yaws and Yang [I9921 
USEPA [l982] 

Gaflney and Senum 119841 
Saxena and Hddemann (19961 

Sazena and Hildemann [1996] 

Saxena and Hildemann [1996] 

Saxena and Hildemann [1996] 

Saxena and Hildemann [1996] 
CSEPA j1982) 

Saxena and Hildemann I19961 

Lind and Kok 119941 
O’Sullivan et al. 119961 

hf 

__ 
M 

__ 
7 

__ 
7 
X 

X 
E 

__ 

__ 
E 

- 
E 

__ 
E 

- 
E 
X 

~ 

E 

h l  
hl 

49 

__ 
note 

__ 

70 

__ 
39 

__ 
39 
3 

- 
48 
51 

- 
51 

- 
51 

__ 
51 

- 
51 
3 

- 
51 

9 
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9 Notes 

1) The value is taken from the compilation of solubilities by 14'. Asman (unpublished) 

2) Only the tabulated data between T = 273 K and T = 303 K from Dean [1992] was used to derive kH and -AwinH/R. 
Above T = 303 K the tabulated data could not be parameterized by equation (4) very well. The partial pressure of water 
vapor (needed to convert some Henry's law constants) was calculated using the formula given by Sander et  al. 119941. The 
quantities A and (I from Dean (19921 were assumed to be identical. 

3) Value given here as quoted by Staudinger and Roberts 119961 

4) Hofmann and Jacob [1984] refer to several references in their list of Henry's law constants but they don't assign them 
to specific species. 

5 )  Calculated from correlation between the polarizabilities and solubilities of stable gases. The temperature dependence is 
an estimate of the upper limit. 

6) Jacob (19861 assumed the temperature dependence to be the same as for water. 

7 )  Schwartz 119841 gives an upper limit of kH = 6 . 8 ~ 1 0 ~  hljatm. In the abstract a range of lx103 M/atm < kH < 
3x103 Mjatm is given. The mean value of this range (2x103 Mjatm) has been used by Lelieveld and Crhzen [1991], 
Pandis and Seinjefeld [1989], and Jacob [1986]. 

8) Value at T = 293 K. 
9) This value is a correction of the solubility published by Lind and Kok (19861. 

10) This value was measured at low pH. It  is superseded by a later publication of the same group [Lind and Kok, 19941. 

11) Value given here as quoted by Betterton [1992]. 

12) Bone et al. [1983] gives Carter et al. [I9681 as the source for the data. However, no data was found in that reference. 

13) Several references are given in the list of Henry's law constants but not assigned to specific species. 

14) The parametrization given by Lide and Fredenkse I19951 (parameters A, €2, C) doesn't fit the data in the same paper 
for this substance. Therefore the paramet.riztaion of the solubility data ( X I )  was recalculated. 

15) Value at T = 295 K. 

16) Value obtained by estimating the diffusion coefficient for NO3 to be D = ~ . O X ~ O - ~  cmz/s. 

17) The value given by Seinjeld and Pandis [1998] is wrong. 

18) The assumption of irreversible hydrolysis is equivalent to an infinite effective Henry's law constant. 

19) This value was extrapolated from data at T = 230 K and T = 273 I(. 

20) For strong acids, the solubility is often expressed as l i ~  = ([H+] + [A-])/p(HA). To obtain the physical solubility of 
HA, the value has to be divided by the acidity constant KA. 
21) Bn'rnblecornbe and Clegg [1989] corrects erroneous data from Bn'rnblecornbe and Clegg [1988]. 

22) Lelieveld and Crutzen [1991] assume the temperature dependence to be the same as for a(H+)a(NO;)/p(HN03) in 
Schwartz and White [1981]. 

23) Moller and Mauersberger [I9921 assumed the solubility to be comparable to HN03. 

24) This value was extrapolated from data at T = 215 K and T = 263 K. 

25) fitting parameter used in numerical modeling. 

26) Kmis and May 119621 claim that Clz does not obey Henry's law. Looking at their interpolation formula, however, it 
seems that this is only because they did not consider the equilibrium Clz + HzO + HOC1 + HCI. 

27) Chameides and Stelson [1992] refer to Jacob [I9861 and Chameides I19841 but this value cannot be found there. 

28) Data from Table 1 in preprint of the paper. J. Geophys. Res. forgot to print the tables. 

29) Fickert [1998] extracted a value for HOBr from wetted-wall flow tube experiments. However, it was later discovered 
that under the experimental conditions no evaluation of i i ~  is possible (J. Crowley> pers. comm., 1999). 

30) As quoted by Kruis and M a y  [1962]. 

31) Dubik et al. [I9871 measured the solubility in concentrated salt solutions (natural brines). 

\ 
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32) This work, using data from Wagman et al. [1982] and the aqueous-phase equilibrium Clz + Brz F? 2 BrCl from Wang 
et al. [1994]. 

33) Calculatek,by R. Vogt (pers. comm., 1996), using data from Wagman et al. (19821 and the aqueous-phase equilibrium 
BrCl + Br- +'BrzCl- from Wang et al. [1994]. 

34) Value at T = 290 K. 

35) Thompson and Zafiriou [1983] quote a paper as the source that gives only the solubility but not the Henry's law 
constant. 

36) Gmitm and Vemeulen I19641 give partial pressures of HzS04 over a concentrated solution (e.g. lo-' mmHg for 70 
weighepercent a t  298 K).  Extrapolating this to dilute solutions can only he considered an order-of-magnitude approximation 
for kH. 

37) Interpolation of the original data at T < 300 K. According to Morrison and Johnstone 119541 the solubility increases 
at higher temperatures. 

38) Value at T = 288 K 
39) Yaws and Yang 119921 give several references for the Henry's law constants but don't assign them to specific species. 

40) Hansen et al. (19951 found that the solubility of 2-methylhexane increses with temperature 

41) Value at T = 294 K. 
42) Value given here as quoted by Wasik and Tsang (19701. 

43) Karl and Lindinger [1997] also measured solubilities in salt solutions 

44) The value given by Wihelm et al. [1977] is wrong. 

45) Value given here as cited in Devulf et al. j199.51. 

46) This paper supersedes earlier work with more concentrated solutions [Butler et al., 19331. 

47) Value given here as quoted by Hine and Weimar 119651 

48) Value given here as quoted by Gafney et ai. (19871. 

49) Value at T = 303 I(. 

50) Koga [1995] found that tehbutanol does not obey Henry's law at c > 3.8 mhf. 

51) Value obtained by Sazena and Hildemann [1996] using the group contribution method. 

52) Value at T = 307 K 

53) Value given here as quoted by Hine and Mookerjee [1975]. 

54) It is assumed here that the thermodynamic data in Parsons et al. [I9711 refers to the units [ ~ n o l d m - ~ ]  and [atm] as 
standard states. 

55) Value given here as quoted by Liittke and Leusen [1997]. 

56) It is assumed here that the thermodynamic data in Parsons et ai. [I9721 refers to the units [ m ~ l d m - ~ ]  and [atm] as 
standard states. 

57) Sazena and Hildemann [1996] say that this value is unreliable 

58) Value given here as quoted by Mackay et al. [1995] 

59) Jacob [1986] assumes k ~ ( C H 3 0 0 )  = k ~ ( C H 3 0 0 H )  x k ~ ( H o z ) / k ~ ( H & )  

60) Lelieveld and Crutren (19911 assume kH(CH300) = k ~ ( H 0 2 ) .  

81) Ledbury and Blair [I9251 (and also Blair and Ledbury (19251) measured the solubility of HCHO at very high concen- 
trations around 5 to 1.5 M. Their value of kH increases with HCHO concentration. Lelieveld and Cmtzen [1991], Hough 
[1991], and Pandis and Seinfeld [1989] all use these solubility data but do not specify how they extrapolated to lower 
concentrations. Since the concentration range is far away from typical values in atmospheric chemistry the data is not 
reproduced here, 

62) Dong and Dasgupta [1986] found that the Henry's law constant for HCHO is not a true constant but increase with 
increasing concentration. They recommend the erpression 

iHCHol = 10(m~/r-~~.31) p ~ H C H O ~ ~ ~ s ~ . z ~ r + n . ~ o ~ s ~  
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Temperature Data for Tank C-106 from TWINS Database 

ITank I Measurement I I I Quality I I I Thermocouple1 

Average Temperature 79.8 Fahrenheit 
26.5 Celsius 

Reference: 
Tank Waste Information Network System (TWINS), Queried 06/24/03, 
(Tank 241-C-106, Temperature Data from 6110103 to 6/16/03, Fahrenheit], http://twins.pnl.gov:8001/twins.htm. 
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